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Gastroparesis is characterized by a constellation 
of upper gastrointestinal (GI) symptoms in as- 
sociation with delayed gastric emptying (GE) in 
the absence of mechanical outlet obstruction 
from the stomach. Cardinal symptoms are nausea, vomit- 
ing, early satiety or postprandial fullness, bloating, and 
abdominal or epigastric pain (1). Gastric retention may be 
asymptomatic in some, possibly due to afferent dysfunc- 
tion in the setting of vagal denervation (2,3), and delayed 
GE may be associated with recurrent hypoglycemia in 
patients without upper GI symptoms (4,5). In these indi- 
viduals, the term "delayed GE" is preferred to gastropa- 
resis (1), although others have used terms such as "gastric 
hypoglycemia" (6). Thus, clinical manifestations of im- 
paired GE may include anorexia, weight loss, malnutrition, 
phytobezoar formation, poorer quality-of-life, or impaired 
glycemic control due to erratic delivery of nutrients to the 
small bowel for absorption, and these may occur in- 
dependent of factors such as age, gender, alcohol con- 
sumption, tobacco use, and diabetes type (7-9). 

Upper GI symptoms in diabetic patients may result from 
accelerated GE, often in association with vagal neuropathy 
and impaired proximal gastric accommodation (10). In 
addition, upper GI symptoms in diabetic patients were not 
significantly different in those with delayed compared with 
rapid GE, except possibly for postprandial distress (P = 
0.076 on univariate analysis) (11). Hence, it is essential to 
measure GE in patients with upper GI symptoms if the 
right treatment is to be selected, such as choice of a pro- 
kinetic agent in those with delayed GE. Similarly, one 
cannot assume that patients with known vagal neuropathy 
and upper GI symptoms have gastroparesis, because the 
measured GE may be normal, fast, or slow in such 
patients. The magnitude of GE delay may also influence 
diagnosis; there is overlap in the clinical diagnosis of 
functional dyspepsia and gastroparesis in patients with 
mild GE delay and upper GI symptoms, whereas those 
with marked GE delay (greater than 35% retention at 4 h 
using a standard low-fat meal) should be diagnosed with 
gastroparesis (12,13). 

The cumulative 10-year incidence of gastroparesis has 
been estimated at 5.2% in type 1 diabetes and 1% in type 2 
diabetes among community patients with diabetes (14). 
However, the estimated incidence of gastroparesis is critically 
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dependent on definition and previous higher estimates of 
diabetic gastroparesis on symptom surveys rather than the 
use of quantitative tests (14). Studies of the natural history 
of GE and upper GI symptoms in patients with diabetes 
suggest that delayed GE and symptoms are both relatively 
stable over 12 years or 25 years (15,16). Abnormalities, 
such as accelerated GE, visceral hypersensitivity, and im- 
paired accommodation, may contribute to symptom gen- 
eration in patients with diabetes (10,17). Mechanisms 
associated with abnormal gastric motor functions include 
impaired glycemic control (18), extrinsic (e.g., vagal) and 
intrinsic neuropathy, abnormalities of interstitial cells of 
Cajal (19-21), loss of nitric oxide synthase (22), and, pos- 
sibly, myopathy (1,23). 

The nonspecific nature of GI symptoms, multiple con- 
tributing pathophysiological mechanisms, diverse methods 
used to assess GE, varying degree of accuracy in assess- 
ment of GE of solids, and differences in patient selection 
across studies may all contribute to explaining the rela- 
tively weak association between symptoms and abnormal 
GE (3,24). Thus, careful evaluation of symptomatic patients 
through the use of validated techniques to document delayed 
GE is essential to diagnose and manage patients with sus- 
pected diabetic gastroparesis. GE assessment is also prog- 
nostically relevant, as it is associated with long-term morbidity 
due to diabetes (25). 

The gold standard for the evaluation of GE is GE scin- 
tigraphy (GES), a noninvasive, physiologic, and quantita- 
tive assessment of GE (13). Alternative methods include 
stable-isotope GE breath testing (GEBT), a wireless mo- 
tility capsule (WMC), and functional ultrasonography 
(Table 1). Additional data on gastric motor functions may 
also be obtained by tests such as antroduodenal manom- 
etry and electrogastrography, but these are regarded as 
secondary or research methods. 

The aim of this review is to discuss available techniques 
for the diagnostic evaluation of diabetic gastroparesis and 
their relative advantages, limitations, and clinical and re- 
search applicabilities. 

GES 

GES is considered the gold standard test for measurement 
of GE (26) and the diagnosis of gastroparesis. A consensus 
statement from the Society of Nuclear Medicine and Mo- 
lecular Imaging and the American Neurogastroenterology 
and Motility Society recommends a single standardized 
GES protocol, with a universally acceptable test meal, 
and provides details on technical procedures intended for 
uniform adoption (13). A standard low-fat meal (27) is 
used to perform solid-phase GES to document delayed GE. 
Dual-isotope labeling of solid and liquid phases may also 
be performed. The physiology of liquid emptying differs 
from that of solids; thus, liquid GE may not become ab- 
normal until gastroparesis is very severe (28). When delayed 
liquid GE occurs with normal solid GE (29-31), it may 
increase sensitivity of detecting gastroparesis by 25-36% 
among symptomatic patients when using non-nutrient 
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Comparison of easily available measurement of GE for diagnosis of gastroparesis 
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liquids such as water. However, there is evidence to sug- 
gest that the relationship between GE of solids and of 
nutrient-containing liquids is relatively weak among patients 
with diabetes (32). The clinical significance of these ob- 
servations needs further investigation. 
Indications. Measurement of GE with GES may be in- 
dicated in patients with diabetes with upper GI symptoms 
(other than isolated heartburn or dysphagia), patients with 
poor glycemic control, and those being considered for or 
who are taking treatment with hypoglycemic medications 
that may slow GE, including amylin analogs and glucagon- 
like peptide (GLP-1), and severe reflux symptoms un- 
responsive to standard therapy (33,34). 
Preparation and procedure. GES should be performed 
after exclusion of mechanical or structural causes of ab- 
normal GE. As with all tests of GI motility, patients should 
discontinue all motility-altering medications for at least 2- 
3 days before testing, including prokinetics, opiates, and 
anticholinergics. GLP-1 agonists may also delay GE, and it 
may be reasonable to consider alternative therapies that 
do not delay GE (e.g., dipeptidyl peptidase IV inhibitors 
[35]). Patients should refrain from smoking and consuming 
alcohol on the test day as both may slow GE (36). Signif- 
icant hyperglycemia delays GE, and fasting blood glucose 
should be <275 mg/dL on the day of testing based on ex- 
pert consensus (26). Although researchers have shown 
that changes in blood glucose within the normal post- 
prandial range delay GE by 20-30% in healthy subjects and 
type 1 patients with diabetes without GI symptoms, the 
magnitude of delay was significantly greater in healthy 
subjects (37). 



In addition, acute or short-term improvements in glu- 
cose control among type 2 patients with diabetes have not 
been shown to significantly affect GE (38). The available 
evidence more clearly establishes effects of significant 
hyperglycemia at levels >275 mg/dL (39), including a re- 
cent study by Laway et al. (40) showing normalization of 
delayed GE in type 2 diabetic women with significant 
hyperglycemia (14 mmol/L) after achieving euglycemia 
(5-6 mmol/L). Accelerated GE has also been shown with 
insulin-induced hypoglycemia. However, it is unclear 
whether this effect is entirely attributable to vagal stimu- 
lation, because Russo et al. (41) showed no significant dif- 
ference in the magnitude of change in GE of solids or liquids 
in patients with autonomic or vagal neuropathy during 
euglycemia and hypoglycemia. 

After an overnight fast, the patient consumes a stan- 
dardized test meal within 10 min. The most commonly 
used meal is a 255 kcal low-fat test meal consisting of Egg 
Beaters (120 g) labeled with 0.5 mCi technetium-99m-S 
colloid radioisotope, two slices of bread, strawberry jam 
(30 g), and water (120 mL) (27). The stability of the ra- 
diolabel binding of this meal, important in ensuring that 
the isotope does not separate from the solid meal and 
empty with the liquid phase, has been validated in vitro 
under gastric conditions (27). Standard imaging of the 
gastric area with the patient standing is performed at 
baseline (after meal ingestion) and at 1, 2, and 4 h after 
meal ingestion. Changes in body position may have 
marked effects on GE of radiolabeled liquids (42) but only 
a minor effect on the intragastric meal distribution and lag- 
time or postlag emptying rate for solid and liquid meals 



2668 DIABETES, VOL. 62, AUGUST 2013 



diabetes, diabetesj ournals. org 



A.S. SHIN AND M. CAMILLERI 



(43). Anterior and posterior images are obtained sequen- 
tially with a single-headed camera or simultaneously with 
a dual-headed camera (34). 

Precautions. Imaging should be completed over 4 h to 
produce a reliable estimate of half-life time (Ti /2 ). Shorter 
imaging protocols with mathematical extrapolation of Ty 2 
may complicate interpretation, and data to support the use 
of abbreviated protocols are insufficient (13,26). The study 
meal should also be consumed within 10 min, and the time 
required for consumption should be recorded by the nu- 
clear medicine technician because prolonged times for meal 
ingestion may affect measurement of GE. With the typical 
caloric loads involved in GE measurements, the increase 
in blood glucose to >275 mg/dL is unlikely given that the 
fasting level is <275 mg/dL to start and the patients are 
administered their usual antidiabetic medications. Patients 
should, however, be monitored for signs of hypoglycemia 
and blood glucose measured as clinically indicated. 
Pitfalls. Factors that may affect interpretation of GES in- 
clude the use of a nonstandard test meal with a lack of 
validated normal ranges, patient positioning, and frequency 
of imaging. Meal composition may need to be appropriately 
altered in select cases due to the patient's symptoms, spe- 
cific food allergies, or known food intolerance (13). 

A pitfall in interpretation is the significant association 
between sex and solid GE rates; female subjects are on 
average 15% slower than male subjects (44). The reasons 
for this difference are unclear and some have hypothesized 
hormonal effects (45), but a clear association between sex 
hormones and GE rates has not been shown (46). The 
cumulative evidence, including data from the largest study 
of GE to date showing female subjects being on average 
15% slower than male subjects (44), mandates the need for 
separate reference values for each sex, which are not 
available at most centers (13). Studies have also shown an 
inconsistent association of BMI with GE (44,47). 
Calculation and interpretation. Quantification of GE is 
performed using computerized software; a region of in- 
terest is drawn around the stomach on both anterior and 
posterior images at each time point. Geometric means of 
anterior and posterior counts are calculated and corrected 
for tissue attenuation and isotope decay. Results are 
expressed as the percentage of radioactivity retained in 
the stomach at each time point, normalized to the baseline 
value (Fig. 1). GE is considered delayed if there is greater 
than 60% retention at 2 h or 10% retention at 4 h (13,27). 
Estimated T y2 may be calculated with the traditional 
power exponential curve (48) or by linear interpolation 
due to the relatively linear emptying of solids in the postlag 
phase (49). 

Merits. GES is considered the gold standard for diagnosis 
of gastroparesis because it is noninvasive, quantitative, and 
provides direct assessment of GE using a physiological 
meal. GES is unique in its ability to characterize the com- 
plex physiology of GE of solids and liquids as well as the 
intragastric distribution of antral and fundal contents (13). 
Limitations. Major limitations to widespread use of GES 
include lack of adherence to a standardized protocol 
across institutions, limited access to 7-camera facilities, 
and radiation exposure precluding its use in pregnant 
women or children. Owing to the inconsistent correlation 
between symptoms and GE, the degree of delay by GES 
should not be used to grade the severity of disease without 
considering clinical parameters such as symptom severity, 
nutritional status, glycemic control, and need for hospi- 
talizations or emergency department visits (33,34). There 
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FIG. 1. GES displays normal and delayed GE in a patient with type 1 
diabetes. 



is also a significant within-individual coefficient of varia- 
tion in GE rates by GES of up to 24% in healthy individuals 
(44). This degree of variation is similar to that observed 
with stable-isotope GEBT in head-to-head comparisons, 
suggesting it may be secondary to true within-individual 
variation rather than the technique itself (44,50,51). 

Finally, GES with the standardized protocol uses a low- 
fat, low-fiber meal, which may empty normally in a patient 
in whom symptoms and gastric retention occur with the 
consumption of a normal meal in their diet (23); hence, 
centers with large databases and established 4-h tests of 
GE with meals with higher fat content and —320 kcal have 
elected to retain their established method (44) while ad- 
hering to all other guidelines from the national societies 
(13). The latter strategy may be considered in patients with 
impaired glycemic control in whom it is suspected that 
there is a mismatch in timing between subcutaneous in- 
sulin administration and delivery of the meal from the 
stomach. A meal that empties more slowly may be ex- 
pected to increase the likelihood of demonstrating such 
a mismatch between food delivery and subcutaneous ad- 
ministration of insulin; such a meal would be would be one 
of higher fat or caloric content. 

STABLE-ISOTOPE GEBT 

GEBT using 13 C-labeled substrates, typically 13 C-octanoic 
acid or 13 C-Spirulina platensis (blue-green algae), have 
been proposed and validated as promising alternatives to 
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GES (52). This noninvasive method is easy to perform and 
does not involve radiation exposure. In GEBT, the rate of 
GE of the 13 C substrate incorporated in a solid meal is 
reflected by breath excretion of 13 C0 2 (52). 
Indications. Indications for GEBT are the same as those 
for GES. It may specifically be indicated in patients in 
whom GES is not feasible, such as pregnant women. GEBT 
has been used extensively in research (24,53); however, 
use in clinical diagnosis has been limited (54), possibly 
because the commercial test with 13 C-octanoate provides 
results that have questionable validity (see Calculation and 
Interpretation below), and the better validated test based 
on 1 C-S. platensis is not yet approved for marketing. 
Preparation and procedure. GEBT begins in the same 
manner as for GES: discontinuing gastric motility-altering 
medications for at least 2-3 days, refraining from con- 
suming alcohol and smoking on test days, and testing after 
an overnight fast. The patient consumes a standardized test 
meal containing a 13 C substrate, either 13 C-octanoic acid or 
13 C-iS. platensis, both of which have been shown to provide 
acceptable solid GE assessment (51,52,55,56). Octanoic 
acid is a medium-chain fatty acid found in dietary fats that is 
firmly retained in the solid phase of the test meal (52,57). 
During preparation of the test meal, 13 C-octanoic acid sub- 
strate is mixed into egg yolk and baked. The patient ingests 
the meal, and the 13 C-octanoic acid is rapidly absorbed in 
the duodenum only after the solid contents of the meal have 
been triturated and liquefied to chyme (52,57,58). It is then 
transported to the liver via the portal circulation and oxi- 
dized to 13 C0 2 , which is released in the end-tidal breath 
samples collected in a Vacutainer. These samples are ana- 
lyzed by isotope ratio mass spectrometry to determine the 
GE rate (50,54,57,58). Although there have been various 
recommendations on sufficient duration of sampling, some 
have advocated at least a 6-h sampling scheme for accurate 
prediction of GE (51) because an overestimation of 7\ /2 by 
4-h breath testing has been shown when the formula pro- 
posed by Ghoos et al. (52) is used. This can be corrected by 
6-h sampling (51). 



S. platensis is an edible blue-green algae consisting of 
50-60% protein, 30% starch, and 10% lipid (59). The most 
validated test meal involves 13 C-5. platensis administered 
as an egg meal, which may be available as a 27-g freeze- 
dried egg mix, 6 saltine crackers, and 180 mL water. This 
meal provides the added convenience of a long shelf life 
and stability at room temperature (60). The 13 C-iS. platensis 
is incorporated into the egg mix to allow for assessment of 
solid GE. The contents of the algae cells are not freely 
diffusable (55), and 13 C is released only after the meal has 
been digested, emptied from the stomach, and the 13 C 
substrates absorbed. As with 13 C-octanoic acid breath 
testing, end-tidal breath samples are collected to assess 
GE. Measurements of 13 C0 2 enrichment are taken at 
baseline and at 45, 90, 120, 150, 180, and 240 min, although 
a strategy using only the 45, 150, and 180 min time points 
has been shown to be valid (60). 

Pitfalls and precautions. Reliability of 13 C0 2 excretion 
may be influenced by changes in endogenous C0 2 excre- 
tion caused by physical activity. Activities of moderate 
intensity, such as walking, may double energy expenditure 
and affect C0 2 excretion. This effect can easily be pre- 
vented by asking patients to avoid physical activity. 
Calculation and interpretation. C0 2 breath excretion is 
used to estimate GE 7\ /2 derived by mathematical analysis. 
Several mathematical models have been developed; the 
most widely used method is the nonlinear regression 
method proposed by Ghoos et al. (52). However, obser- 
vations of significantly different results using this method 
compared with simultaneous GES (61) raised uncertainty 
regarding its accuracy (50,62). Practicality has also been 
questioned due to the need for 6-h sampling (54,55). Thus, 
an alternative approach using a generalized linear model 
was developed based on a minimal number (typically 5) of 
breath samples (56,63) (Fig. 2). Subsequent methods for 
mathematical analysis have included the Wagner-Nelson 
method (64) and the linear regression method (60). In a 
comparison of these methods and cumulative breath 
13 C0 2 excretion, all methods, except for the Wagner-Nelson 




FIG. 2. Methods for GE assessment by breath test (T 1/2 B) and scintigraphy (T 1/2 S), and corresponding correlation of T 1/2 in erythromycin (n = 10), 
control (ji = 33), and atropine (ji = 14) groups showing a significant correlation between estimates (r = 0.88, P < 0.0001) based on the multiple 
linear regression model. Reproduced with permission from Viramontes et al. (63). 
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method, resulted in a mean GE T V2 that approximated the 
T1/2 obtained with scintigraphy; in addition, the general- 
ized linear regression and linear regression appear to provide 
most accurate assessment of 13 C0 2 excretion (62). 
Merits. GEBT is safer than scintigraphy because it does 
not require radiation exposure and may be used in preg- 
nant women, women who are breast-feeding, and children. 
It is also less expensive and easier to perform than GES. 
Collected samples may be sent to a central laboratory for 
analysis, and testing may be performed almost anywhere, 
including in community and office-based practices. 
Limitations. GEBT is an indirect measure of GE, and the 
effect of variation in postgastric metabolism between 
individuals is still unclear. There is potential for loss of 
accuracy in patients with malabsorption, pancreatic exo- 
crine insufficiency, and significant lung or liver disease 
(65). In addition, despite evidence supporting the use of 
linear regression and generalized linear regression meth- 
ods as optimal methods of analysis (62), there still remains 
a lack of standardization of mathematical analysis, study 
duration, and sampling frequency (54,57). High reprodu- 
cibility, comparable to that of scintigraphy, has been 
shown in healthy volunteers, but reproducibility has not 
been specifically studied in patients with delayed GE (60). 



THE WMC 

The WMC using the SmartPill (SP) has been approved by 
the U.S. Food and Drug Administration for the evaluation 
of GE, colonic transit time in patients with suspected slow 
transit constipation, and for measurement of pH, temper- 
ature, and pressure throughout the GI tract (66); it is a safe 
and practical alternative to GES (67). It consists of a small 
(<2-cm long) wireless transmitting capsule that has the 
ability to record and transmit data on pH, pressure, and 
temperature to a portable receiver that may be worn 
around the patient's neck. Data can be acquired continu- 
ously for up to 5 days, and significant events (e.g., meal 
ingestion, sleep, or GI symptoms) can be recorded with the 
use of an "event button" (23). GE is reflected by an abrupt 
change in pH as the capsule moves from the acidic envi- 
ronment of the stomach to the alkaline environment of the 
duodenum. This typically occurs with return of the fasting 
state and phase III migrating motor complex (MMC) after 
emptying of liquids and triturable solids (68,69). 
Indication. WMC testing is used in the evaluation of GE and 
whole-gut transit in patients with suspected gastroparesis. 
Preparation and procedure. The procedure should begin 
in the morning after an overnight fast. Before testing, 
medications suppressing gastric acid production should be 
stopped (ideally proton-pump inhibitors for 1 week and 
histamine H 2 receptor antagonists for 3 days) because they 
may interfere with the pH-dependent measurement of 
GE. Similarly, medications that may affect GI motility are 
stopped 2-3 days before the test. However, there is evi- 
dence to show that capsule GE time may still be assessed 
in the setting of proton-pump inhibitors use by an easily 
recognized increase in pH (69). The patient consumes 
a standardized nutrient meal on the morning of the test, 
followed by ingestion of the WMC with 50 mL water. The 
patient fasts for the next 6 h (70). 

Pitfalls and precautions. WMC emptying may not cor- 
respond to physiologic emptying of food (71). Cassilly 
et al. (68) showed capsule residence time was correlated 
strongly with time to the first phase III MMC (r = 0.813), 
which is the fasting repertoire of motor activity that is 



resumed only after solid meal emptying is complete or 
nearly complete; in about one-third of subjects, emptying 
of the capsule occurred with postprandial high-amplitude 
isolated antral contractions and not with the phase III 
MMC. Whereas capsule GE time showed moderate corre- 
lation (r = 0.606) with GE of the solid meal, capsule GE 
time does not specifically measure the GE of a meal (68), 
and the significance of the measurement is unclear. Similar 
to direct assessment of GE, acute hyperglycemia may also 
decrease gastric motility and inhibit phase III activity, 
which may potentially affect results of the test (72,73). 
Calculation and Interpretation. Sensed data are trans- 
mitted by the single-use capsule to the receiver worn by 
the patient, and pH values from 0.5 to 9.0 units, pressure 
activity, and temperature are recorded. GE time is defined 
as the time from capsule ingestion to a rise in pH from 
gastric baseline to >4.0 pH units, marking the passage of 
the capsule from the antrum to the duodenum. Normal 
emptying of the capsule should occur within 5 h of in- 
gestion. If it does not occur within 6 h, a maximum GE 
time value of 6 h is assigned (74) (Fig. 3). 
Merits. WMC testing has been proposed as a safe non- 
radiological alternative to GES. Its advantages include 
point-of-care use in ambulatory settings and avoidance of 
pitfalls of GES, such as radiation exposure, need of a 7 
camera, and lack of standardized practices across centers 

(74) . Utility of WMC testing has been enhanced with data 

(75) showing that pressure profile measurements recorded 
by the capsule can differentiate patients with diabetic 
gastroparesis from healthy individuals by the significantly 
lower numbers of contractions and motility indices. 
Limitations. Healthy subjects and (more likely) patients 
with gastroparesis may not have a phase III MMC con- 
traction within 6 h when the next meal is given, and cap- 
sule emptying may be inhibited by induction of the fed 
repertoire of contractions with suspension of the MMC for 
about 1 h for each 200 kcal ingested (76). Diabetic patients 



GET 




0 Time (hrs) 24 



FIG. 3. Normal GI motility tracing using the WMC shows GE, small bowel 
transit, and colonic transit are normal. The GE time is indicated by the 
abrupt rise in pH. The capsule also records phasic pressure and body 
temperature. Whole-gut transit time is indicated by the drop in tempera- 
ture from body to environmental temperature. Reproduced with permis- 
sion from Rao SS, Kuo B, McCallum RW, et al. Investigation of colonic and 
whole-gut transit with wireless motility capsule and radiopaque markers in 
constipation. Clin Gastroenterol Hepatol 2009;7:537-544. CTT, colonic 
transit time; GET, gastric emptying time; SBTT, small bowel transit time. 
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undergoing evaluation for gastroparesis receive a second 
meal at 6 h as part of the standard method and to avoid 
hypoglycemia in those receiving medium-duration insulin 
preparations (77). 

Other limitations are possible difficulty with capsule 
ingestion and the potential for capsule retention or ob- 
struction. Use of the capsule is contraindicated in children 
and patients with a known history of esophageal stricture. 
However, serious complications are rare, and there have 
been no reported cases of prolonged capsule retention or 
luminal obstruction not amenable to endoscopic retrieval 
or administration of a prokinetic (70,77). 

ADDITIONAL TECHNIQUES 

Functional ultrasonography, magnetic resonance imaging, 
and other approaches are detailed in the Supplementary 
Data. 

CONCLUSIONS 

GES remains the gold standard of assessment for delayed 
GE among patients with suspected gastroparesis due to its 
well-established validity, reproducibility, ease of quantifi- 
cation, and ability to provide direct characterization of 
gastric physiology. Alternative methods, such as GEBT and 
the WMC, have emerged as reasonable approaches in set- 
tings where scintigraphy may not be feasible. Techniques 
such as functional ultrasonography and magnetic resonance 
imaging may provide a more comprehensive assessment of 
GI pathophysiology when available. Consideration of pa- 
tient-specific factors, such as age, sex, comorbid diseases, 
patient preference, and availability of testing procedures, 
should be made when determining the test of choice. 

ACKNOWLEDGMENTS 

M.C. is supported by grants DK-67071 and DK-92179 from 
the National Institutes of Health. 

No potential conflicts of interest relevant to this article 
were reported. 

A.S.S. and M.C. wrote the manuscript. 

The authors thank Cindy Stanislav (Mayo Clinic, 
Rochester, MN) for secretarial assistance. 

REFERENCES 

1. Camilleri M, Bharucha AE, Farrugia G. Epidemiology, mechanisms, and 
management of diabetic gastroparesis. Clin Gastroenterol Hepatol 201 1;9: 
5-12; quiz e7 

2. Rathmann W, Enck P, Frieling T, Gries FA. Visceral afferent neuropathy in 
diabetic gastroparesis. Diabetes Care 1991;14:1086-1089 

3. Annese V, Bassotti G, Caruso N, et al. Gastrointestinal motor dysfunction, 
symptoms, and neuropathy in noninsulin-dependent (type 2) diabetes 
mellitus. J Clin Gastroenterol 1999;29:171-177 

4. Lysy J, Israeli E, Strauss-Liviatan N, Goldin E. Relationships between hy- 
poglycaemia and gastric emptying abnormalities in insulin-treated diabetic 
patients. Neurogastroenterol Motil 2006;18:433-440 

5. Kassander P. Asymptomatic gastric retention in diabetics (gastroparesis 
diabeticorum). Ann Intern Med 1958;48:797-812 

6. Horowitz M, Jones KL, Rayner CK, Read NW. 'Gastric' hypoglycaemia — an 
important concept in diabetes management. Neurogastroenterol Motil 
2006;18:405-407 

7. Lyrenas EB, Olsson EH, Arvidsson UC, Orn TJ, Spjuth JH. Prevalence and 
determinants of solid and liquid gastric emptying in unstable type I di- 
abetes. Relationship to postprandial blood glucose concentrations. Di- 
abetes Care 1997;20:413-418 

8. Kong MF, Horowitz M, Jones KL, Wishart JM, Harding PE. Natural history 
of diabetic gastroparesis. Diabetes Care 1999;22:503-507 



9. Talley NJ, Young L, Bytzer P, et al. Impact of chronic gastrointestinal 
symptoms in diabetes mellitus on health-related quality of life. Am J 
Gastroenterol 2001;96:71-76 

10. Bredenoord AJ, Chial HJ, Camilleri M, Mullan BP, Murray JA. Gastric ac- 
commodation and emptying in evaluation of patients with upper gastro- 
intestinal symptoms. Clin Gastroenterol Hepatol 2003;1:264-272 

11. Bharucha AE, Camilleri M, Forstrom LA, Zinsmeister AR. Relationship 
between clinical features and gastric emptying disturbances in diabetes 
mellitus. Clin Endocrinol (Oxf) 2009;70:415-420 

12. Abell TL, Bernstein RK, Cutts T, et al. Treatment of gastroparesis: a mul- 
tidisciplinary clinical review. Neurogastroenterol Motil 2006;18:263-283 

13. Abell TL, Camilleri M, Donohoe K, et al.; American Neurogastroenterology 
and Motility Society and the Society of Nuclear Medicine. Consensus 
recommendations for gastric emptying scintigraphy: a joint report of the 
American Neurogastroenterology and Motility Society and the Society of 
Nuclear Medicine. Am J Gastroenterol 2008;103:753-763 

14. Choung RS, Locke GR 3rd, Schleck CD, Zinsmeister AR, Melton LJ 3rd, 
Talley NJ. Risk of gastroparesis in subjects with type 1 and 2 diabetes in 
the general population. Am J Gastroenterol 2012;107:82-88 

15. Jones KL, Russo A, Berry MK, Stevens JE, Wishart JM, Horowitz M. A 
longitudinal study of gastric emptying and upper gastrointestinal symp- 
toms in patients with diabetes mellitus. Am J Med 2002;113:449-455 

16. Chang J, Russo A, Bound M, Rayner CK, Jones KL, Horowitz M. A 25-year 
longitudinal evaluation of gastric emptying in diabetes. Diabetes Care 
2012;35:2594-2596 

17. Kumar A, Attaluri A, Hashmi S, Schulze KS, Rao SS. Visceral hypersensi- 
tivity and impaired accommodation in refractory diabetic gastroparesis. 
Neurogastroenterol Motil 2008;20:635-642 

18. Fraser RJ, Horowitz M, Maddox AF, Harding PE, Chatterton BE, Dent J. 
Hyperglycaemia slows gastric emptying in type 1 (insulin-dependent) di- 
abetes mellitus. Diabetologia 1990;33:675-680 

19. He CL, Soffer EE, Ferris CD, Walsh RM, Szurszewski JH, Farrugia G. Loss 
of interstitial cells of Cajal and inhibitory innervation in insulin-dependent 
diabetes. Gastroenterology 2001;121:427-434 

20. Grover M, Farrugia G, Lurken MS, et al. Cellular changes in diabetic and 
idiopathic gastroparesis. Gastroenterology 2011;140:1575-1585.el578 

21. Choi KM, Gibbons SJ, Nguyen TV, et al. Heme oxygenase-1 protects in- 
terstitial cells of Cajal from oxidative stress and reverses diabetic gastro- 
paresis. Gastroenterology 2008;135:2055-2064, e2051-e2052 

22. Watkins CC, Sawa A, Jaffrey S, et al. Insulin restores neuronal nitric oxide 
synthase expression and function that is lost in diabetic gastropathy. J Clin 
Invest 2000;106:373-384 

23. Szarka LA, Camilleri M. Stomach dysfunction in diabetes mellitus: 
emerging technology and pharmacology. J Diabetes Sci Tech 2010;4:180- 
189 

24. Talley NJ, Verlinden M, Jones M. Can symptoms discriminate among those 
with delayed or normal gastric emptying in dysmotility-like dyspepsia? Am 
J Gastroenterol 2001;96:1422-1428 

25. Hyett B, Martinez FJ, Gill BM, et al. Delayed radionucleotide gastric 
emptying studies predict morbidity in diabetics with symptoms of gastro- 
paresis. Gastroenterology 2009; 137:445^52 

26. Camilleri M, Parkman HP, Shaft MA, Abell TL, Gerson L. Clinical guideline: 
management of gastroparesis. Am J Gastroenterol 2013;108:18-37; quiz 38 

27. Tougas G, Chen Y, Coates G, et al. Standardization of a simplified scinti- 
graphic methodology for the assessment of gastric emptying in a multi- 
center setting. Am J Gastroenterol 2000;95:78-86 

28. Loo FD, Palmer DW, Soergel KH, Kalbfleisch JH, Wood CM. Gastric 
emptying in patients with diabetes mellitus. Gastroenterology 1984;86:485- 
494 

29. Horowitz M, Maddox AF, Wishart JM, Harding PE, Chatterton BE, 
Shearman DJ. Relationships between oesophageal transit and solid and 
liquid gastric emptying in diabetes mellitus. Eur J Nucl Med 1991;18:229-234 

30. Ziessman HA, Chander A, Clarke JO, Ramos A, Wahl RL. The added di- 
agnostic value of liquid gastric emptying compared with solid emptying 
alone. J Nucl Med 2009;50:726-731 

31. Sachdeva P, Malhotra N, Pathikonda M, et al. Gastric emptying of solids 
and liquids for evaluation for gastroparesis. Dig Dis Sci 2011;56:1138-1146 

32. Jones KL, Horowitz M, Wishart MJ, Maddox AF, Harding PE, Chatterton 
BE. Relationships between gastric emptying, intragastric meal distribution 
and blood glucose concentrations in diabetes mellitus. J Nucl Med 1995;36: 
2220-2228 

33. Camilleri M. Clinical practice. Diabetic gastroparesis. N Engl J Med 2007; 
356:820-829 

34. Szarka LA, Camilleri M. Gastric emptying. Clin Gastroenterol Hepatol 
2009;7:823-827 



2672 DIABETES, VOL. 62, AUGUST 2013 



diabetes, diabetesj ournals. org 



A.S. SHIN AND M. CAMILLERI 



35. Vella A, Bock G, Giesler PD, et al. Effects of dipeptidyl peptidase-4 in- 
hibition on gastrointestinal function, meal appearance, and glucose me- 
tabolism in type 2 diabetes. Diabetes 2007;56:1475-1480 

36. Miller G, Palmer KR, Smith B, Ferrington C, Merrick MV. Smoking delays 
gastric emptying of solids. Gut 1989;30:50-53 

37. Schvarcz E, Palmer M, Aman J, Horowitz M, Stridsberg M, Berne C. 
Physiological hyperglycemia slows gastric emptying in normal subjects 
and patients with insulin-dependent diabetes mellitus. Gastroenterology 
1997;113:60-66 

38. Bharucha AE, Basu A, Veil EB, Kudva YC, Camilleri M, Zinsmeister AR. 
Effect of improving glycemic control on gastric emptying in patients with 
poorly controlled type 2 diabetes mellitus (DM) (Abstract). Gastroenter- 
ology 2012;142(Suppl. l):S-839 

39. Samsom M, Akkermans LM, Jebbink RJ, van Isselt H, vanBerge- 
Henegouwen GP, Smout AJ. Gastrointestinal motor mechanisms in hy- 
perglycaemia induced delayed gastric emptying in type I diabetes mellitus. 
Gut 1997;40:641-646 

40. Laway BA, Malik TS, Khan SH, Rather TA. Prevalence of abnormal gastric 
emptying in asymptomatic women with newly detected diabetes and its 
reversibility after glycemic control-a prospective case control study. J 
Diabetes Complications 2013;27:78-81 

41. Russo A, Stevens JE, Chen R, et al. Insulin-induced hypoglycemia accel- 
erates gastric emptying of solids and liquids in long-standing type 1 di- 
abetes. J Clin Endocrinol Metab 2005;90:4489-4495 

42. Moore JG, Datz FL, Christian PE, Greenberg E, Alazraki N. Effect of body 
posture on radionuclide measurements of gastric emptying. Dig Dis Sci 
1988;33:1592-1595 

43. Doran S, Jones KL, Andrews JM, Horowitz M. Effects of meal volume and 
posture on gastric emptying of solids and appetite. Am J Physiol 1998;275: 
R1712-R1718 

44. Camilleri M, Iturrino J, Bharucha AE, et al. Performance characteristics of 
scintigraphic measurement of gastric emptying of solids in healthy par- 
ticipants. Neurogastroenterol Motil 2012;24:1076-e562 

45. Datz FL, Christian PE, Moore J. Gender-related differences in gastric 
emptying. J Nucl Med 1987;28:1204-1207 

46. Gonenne J, Esfandyari T, Camilleri M, et al. Effect of female sex hormone 
supplementation and withdrawal on gastrointestinal and colonic transit in 
postmenopausal women. Neurogastroenterol Motil 2006;18:911-918 

47. Park MI, Camilleri M. Gastric motor and sensory functions in obesity. Obes 
Res 2005;13:491-500 

48. Elashoff JD, Reedy TJ, Meyer JH. Analysis of gastric emptying data. Gas- 
troenterology 1982;83:1306-1312 

49. Zinsmeister AR, Bharucha AE, Camilleri M. Comparison of calculations 
to estimate gastric emptying half-time of solids in humans. Neuro- 
gastroenterol Motil 2012;24:1142-1145 

50. Choi MG, Camilleri M, Burton DD, Zinsmeister AR, Forstrom LA, Nair KS. 
[ 13 C]octanoic acid breath test for gastric emptying of solids: accuracy, 
reproducibility, and comparison with scintigraphy. Gastroenterology 1997; 
112:1155-1162 

51. Choi MG, Camilleri M, Burton DD, Zinsmeister AR, Forstrom LA, Nair KS. 
Reproducibility and simplification of 13 C-octanoic acid breath test for 
gastric emptying of solids. Am J Gastroenterol 1998;93:92-98 

52. Ghoos YF, Maes BD, Geypens BJ, et al. Measurement of gastric emptying 
rate of solids by means of a carbon-labeled octanoic acid breath test. 
Gastroenterology 1993; 104: 1640-1647 

53. Sarnelli G, Caenepeel P, Geypens B, Janssens J, Tack J. Symptoms asso- 
ciated with impaired gastric emptying of solids and liquids in functional 
dyspepsia. Am J Gastroenterol 2003;98:783-788 

54. Verbeke K. Will the 13 C-octanoic acid breath test ever replace scintigraphy 
as the gold standard to assess gastric emptying? Neurogastroenterol Motil 
2009;21:1013-1016 

55. Lee JS, Camilleri M, Zinsmeister AR, et al. Toward office-based measure- 
ment of gastric emptying in symptomatic diabetics using [ 13 C] octanoic 
acid breath test. Am J Gastroenterol 2000;95:2751-2761 

56. Lee JS, Camilleri M, Zinsmeister AR, Burton DD, Kost LJ, Klein PD. A valid, 
accurate, office based non-radioactive test for gastric emptying of solids. 
Gut 2000;46:768-773 



57. Clegg ME, Shafat A. Procedures in the C octanoic acid breath test for 
measurement of gastric emptying: analysis using Bland-Altman methods. 
Scand J Gastroenterol 2010;45:852-861 

58. Maes BD, Geypens BJ, Ghoos YF, Hiele MI, Rutgeerts PJ. 13 C-Octanoic 
acid breath test for gastric emptying rate of solids. Gastroenterology 1998; 
114:856-859 

59. Ciferri O. Spirulina, the edible microorganism. Microbiol Rev 1983;47:551- 
578 

60. Szarka LA, Camilleri M, Vella A, et al. A stable isotope breath test with 
a standard meal for abnormal gastric emptying of solids in the clinic and in 
research. Clin Gastroenterol Hepatol 2008;6:635-643.el 

61. Chey WD, Shapiro B, Zawadski A, Goodman K. Gastric emptying charac- 
teristics of a novel (13)C-octanoate-labeled muffin meal. J Clin Gastro- 
enterol 2001;32:394-399 

62. Odunsi ST, Camilleri M, Szarka LA, Zinsmeister AR. Optimizing analysis of 
stable isotope breath tests to estimate gastric emptying of solids. Neuro- 
gastroenterol Motil 2009;21:706-e38 

63. Viramontes BE, Kim DY, Camilleri M, et al. Validation of a stable isotope 
gastric emptying test for normal, accelerated or delayed gastric emptying. 
Neurogastroenterol Motil 2001;13:567-574 

64. Sanaka M, Urita Y, Sugimoto M, Yamamoto T, Kuyama Y. Comparison 
between gastric scintigraphy and the [ 13 C]-acetate breath test with 
Wagner-Nelson analysis in humans. Clin Exp Pharmacol Physiol 2006;33: 
1239-1243 

65. van de Casteele M, Luypaerts A, Geypens B, Fevery J, Ghoos Y, Nevens F. 
Oxidative breakdown of octanoic acid is maintained in patients with cir- 
rhosis despite advanced disease. Neurogastroenterol Motil 2003; 15: 113- 
120 

66. Food and Drug Administration. SmartPill GI Monitoring System, version 
2.0. Market approval notification 30 October 2009. Silver Spring, MD, Food 
and Drug Administration, 2009 

67. Camilleri M, Bharucha AE, di Lorenzo C, et al. American Neuro- 
gastroenterology and Motility Society consensus statement on intraluminal 
measurement of gastrointestinal and colonic motility in clinical practice. 
Neurogastroenterol Motil 2008;20:1269-1282 

68. Cassilly D, Kantor S, Knight LC, et al. Gastric emptying of a non-digestible 
solid: assessment with simultaneous SmartPill pH and pressure capsule, an- 
troduodenal manometry, gastric emptying scintigraphy. Neurogastroenterol 
Motil 2008;20:311-319 

69. Maqbool S, Parkman HP, Friedenberg FK. Wireless capsule motility: 
comparison of the SmartPill GI monitoring system with scintigraphy for 
measuring whole gut transit. Dig Dis Sci 2009;54:2167-2174 

70. Kloetzer LRS, Kuo B. Ambulatory capsule tests of assessment of GI transit 
and pressure. In GI Motility Testing: A Laboratory and Office Handbook. 
Parkman HP, Rao SS, Eds. Thorofare, NJ, SLACK Incorporated, 2011, 
p. 125-130 

71. Sarosiek I, Selover KH, Katz LA, et al. The assessment of regional gut 
transit times in healthy controls and patients with gastroparesis using 
wireless motility technology. Aliment Pharmacol Ther 2010;31:313-322 

72. Bjornsson ES, Urbanavicius V, Eliasson B, Attvall S, Smith U, 
Abrahamsson H. Effects of hyperglycemia on interdigestive gastrointesti- 
nal motility in humans. Scand J Gastroenterol 1994;29:1096-1104 

73. Barnett JL, Owyang C. Serum glucose concentration as a modulator of 
interdigestive gastric motility. Gastroenterology 1988;94:739-744 

74. Kuo B, McCallum RW, Koch KL, et al. Comparison of gastric emptying of 
a nondigestible capsule to a radio-labelled meal in healthy and gastro- 
paretic subjects. Aliment Pharmacol Ther 2008;27:186-196 

75. Kloetzer L, Chey WD, McCallum RW, et al. Motility of the antroduodenum 
in healthy and gastroparetics characterized by wireless motility capsule. 
Neurogastroenterol Motil 2010;22:527-533, el 17 

76. Schonfeld J, Evans DF, Wingate DL. Daytime and night time motor activity 
of the small bowel after solid meals of different caloric value in humans. 
Gut 1997;40:614-618 

77. Camilleri M, Thorne NK, Ringel Y, et al. Wireless pH-motility capsule 
for colonic transit: prospective comparison with radiopaque markers 
in chronic constipation. Neurogastroenterol Motil 2010;22:874-882, 
e233 



diabetes.diabetesjournals.org 



DIABETES, VOL. 62, AUGUST 2013 2673 



